Here we present the first successful attempt to programme the surface properties of nanostructured soft biological tissues by atomic layer deposition (ALD). The nanopatterned surface of lotus leaf was tuned by 3-125 nm TiO 2 thin films. The lotus/TiO 2 composites were studied by SEM-EDX, XPS, Raman, TG-DTA, XRR, water contact angle and photocatalysis measurements. While we could preserve the superhydrophobic feature of lotus, we managed to add a new property, i.e. photocatalytic activity. We also explored how surface passivation 2 treatments and various ALD precursors affect the stability of the sensitive soft biological tissues.
INTRODUCTION
The more we understand living systems, the more we adore the fascinating intelligence behind them. Mimicking the special morphologies, properties, functions and systems, which can be found in all creatures, is a hot field of science. Ranging from optics [1] , sensors [2] , medicine [3] , solar [4] , self-assembly [5] , to catalysis [6] . etc, the biomimetic approach has proven to be a fruitful guide in many research areas. A major segment of biomimetics is to modify, coat or copy the surface of biological material. In this way, biological surfaces can be tailored for new applications or the working principles of their special features can be elucidated, and based on this artificial systems can be built, which model the desired properties of the biological surfaces [7, 8] .
Lotus leaf (Nelumbo nucifera) is one of the best-known examples in biomimetics, and it has inspired a whole industry of self-cleaning surfaces [9] Owing to the specially designed structures on its surface, i.e. microbumps covered with hollow nanotubes (Figure 1a -c), lotus leaf is the most superhydrophobic among all plants [10] . Researchers have tried both to make copies of its surface using lotus leaf as a template [11, 12] and to build artificial models of it [13] . When lotus leaf was used as a template, first a negative replica was prepared by electroplating [11] , or by nanoscale polymer casting [12] . Then this replica was filled with a polymer to provide a copy of the original lotus. A common feature of these template methods was that the copies exhibited almost the same extreme contact angles as lotus leaf, but these methods were not sensitive enough to be able to copy the hollow organic nanotubes on the lotus leaf surface. Therefore, a suitable method was still missing, which could copy the nanostructured surface of soft biological tissues with high precision.
Presently atomic layer deposition (ALD) seems to be almost the only choice, which could replicate exactly the nanopatterns of biological substrates. ALD is an ideal candidate to copy and program biological surfaces, as it allows deposition of uniform thin films on any 3D objects with thickness control of sub-nanometer precision [14, 15] . ALD is based on successive, surface controlled reactions from the gas phase to produce thin films in the nanometer range with perfect conformality and process controllability [16] . Hence, ALD allows for new strategies in controlling the chemical and physical properties of nanoscale materials and synthesis routes to novel nanostructures [15, 17] . One of the most sophisticated fields, where ALD can be used in 4 nanotechnology, is coating biological samples with thin films in order to tailor the properties of their nanostructured surfaces. The sensitive biological samples require low temperature ALD reactions, and only few such pilot studies have been conducted, e.g. ALD coating of tobacco mosaic virus and protein sphere (ferritin) [18] , spider silk [19] , butterfly wing [20] , water strider leg [21] , eye of the household fly [22] , paper cellulose [23] and cotton [24] fibers. As a common feature, all these samples were dry, with a relatively robust structure. Rose petal [25] and legume [26] are the only examples, where plants were coated by ALD, however, these substrates were far from being nanopatterned, as the surface structures were in the micrometer range with only a few submicron features. Therefore, coating of nanostructured soft biological tissues by ALD has not been demonstrated, and the effect of ALD precursors on the stability of these soft biological substrates has not been investigated yet.
In this study, we present the first successful attempt to programme the properties of a truly nanostructured soft biological surface by depositing a few nm thick film on it by ALD. We have selected lotus leaf as an example for nanostructured soft biological tissues, and coated it with TiO 2 nanofilms by ALD. Our aim was to add a new property, i.e. photocatalytic activity, while maintaining the superhydrophobic nature of lotus leaf. In this way, we could prepare a biological alternative of self-cleaning inorganic surfaces (smart windows, windscreens, building walls, etc).
EXPERIMENTAL
Preparation of lotus leaf composites. Lotus leaves were received from the Botanical Garden of the University of Helsinki and needed special care during the measurements (Supporting information). The 5×5 cm 2 lotus leaf samples were put into the ALD reactor (Picosun Sunale R-150) as received. TiO 2 ALD films were grown at 65 °C using titanium isopropoxide, Ti( i OPr) 4 (60 °C evaporation temperature) and H 2 O. The pulse and purge (purging gas: N 2 ) sequences for both Ti( i OPr) 4 and H 2 O precursors were two times 0.5 s pulse/1 s purge followed by 0. For photocatalysis, 1×1 cm 2 pure or composite lotus leaf samples were put into 1×1 cm 2 sealed quartz cuvettes together with 2.9 ml of 0.03 mM methylene blue solution. The samples were irradiated with the same General Electric black lamps, as discussed previously. The UV-VIS spectra of the methylene blue solutions were measured by a HP 8453 UV-VIS spectrometer. At each UV-VIS measurement, the cuvettes were opened to air, so that the decomposition product gases could be released. The relative absorbance (A/A 0 ), which is proportional to the methylene blue concentrations, was determined at 665 nm.
To study the photocatalytic activity of the planar Si/TiO 2 composites, 1×1 cm 2 pieces of these samples were put into 1×1 cm 2 sealed quartz cuvettes together with 3 ml of methyl orange solution (14.286 mg / 1 dm 3 ). The samples were irradiated with the same Sylvania circular black 6 lamp, as discussed previously. The UV-VIS spectra of the methyl orange solutions were measured by a JASCO V-550 UV-VIS spectrometer. The relative absorbance (A/A 0 ), which is proportional to the methyl orange concentrations, was determined at 464 nm.
RESULTS AND DISCUSSION
Lotus leaves were coated with 3-125 nm thick TiO 2 films using Ti(O i Pr) 4 The presence of TiO 2 on the lotus leaf surface was confirmed by several methods. Besides the usual elements in pure lotus, EDX showed that Ti was also present on the surface of the lotus leaf/TiO 2 composites (Figure 1h ) [27] . XPS also detected Ti, together with some elements of the lotus leaf (Figure 1i ). The measured binding energy values for Ti were 458.0-458.3 eV (Figure   1j ), which corresponds to TiO 2 [28] . Pure lotus leaf and the lotus leaf/ TiO 2 composites had weak Raman signals (Figure 1k ) suggesting that the as-deposited TiO 2 film is essentially amorphous.
However, when Raman measurements were done with higher laser energy, which crystallized TiO 2 , strong anatase Raman peaks [29] were detected. Thus, Raman spectroscopy also confirmed indirectly the presence of TiO 2 .
As an attempt to preserve a larger portion of nanotubes, selected lotus leaves were fixated in glutaraldehyde before the ALD process. However, already this chemical, which is used to fixate sensitive biological samples for electron microscopy, damaged the nanotubes on the top of the microbumps (Figure 2a ).
7
To further study the effect of the metal organic ALD precursor, a 3 nm Al 2 O 3 film was grown on a fixated lotus leaf sample at 65 °C using trimethyl aluminium (TMA) and H 2 O as precursors.
TMA is considerably more reactive than Ti( i OPr) 4 , and the reaction between TMA and H 2 O is highly exothermic. Thus, already after 30 ALD cycles the organic nanotubes disappeared completely, and the microbumps and the valleys between them were also severely damaged (Figure 2b ).
We tried to remove the organic underlayer, so that a self-supported samples, respectively. In a recent study, when the nanopatterns of lotus were removed by annealing and only the microbumps were present, a similar decrease in the contact angle was observed [12] . In order to study further the effect of the nanopatterns and material of a surface on the wetting properties, we measured contact angles of 3, 45 and 125 nm TiO 2 thin films deposited on Si substrates by the same ALD processes, as used in the case of the lotus substrates.
The measured contact angles of the TiO 2 /Si samples (93.2°, 95.8°, 94.2°, respectively) were close to the ones obtained previously for ALD deposited amorphous TiO 2 films [30] . Compared to these, the significantly higher contact angles of the lotus/TiO 2 composites can be clearly attributed to the nano-and micropatterns on the surface of the composites. The lotus/3 nm Al 2 O 3 sample also had a higher contact angle (120.8°), compared to planar amorphous TiO 2 thin films.
On this sample the nanopatterns were completely removed and the microbumps were damaged, but surface micropatterns were still partially present.
When the lotus leaf/TiO 2 composites were irradiated with UV light for 2 h, the contact angles did not decrease significantly (Figure 3b-d) , which is typical to ALD deposited amorphous TiO 2 thin 8 films [30, 31] . In the case of the planar amorphous Si/TiO 2 thin films, the contact angles also showed only small decrease, i.e. in the case of the Si/3 nm TiO 2 sample the contact angle decreased from 93.2° to 86.8°.
The above results show that when a surface is adequately nanostructured, the nanopattern of the surface is decisive on the wetting properties and not the actual material of the surface.
The photocatalytic activity of the lotus leaf/TiO 2 composites was tested by decomposing aqueous methylene blue using UV light, and all composites were active photocatalysts (Figure 3e ). The lotus leaf/45 nm composite, in which some nanotubes were still present but the TiO 2 layer was thick enough, was the most active photocatalyst. The lotus leaf/3 nm composite was almost as active, while the lotus leaf/125 nm composite, in which only the microbumps were preserved and had thus lower specific surface, had significantly lower activity.
The observed photocatalysis with the lotus/TiO 2 composites was a significant result, as the TiO 2 overlayers were essentially amorphous, according to the Raman measurements. In contrast to crystalline anatase or rutile phases, amorphous TiO 2 usually have little or no photocatalytic activity. However, recent results revealed that upon special conditions (e.g. hybrid type or composite TiO 2 ) amorphous TiO 2 can have also pronounced photocatalytic activity [32] . The photocatalytic activity of the lotus/TiO 2 composites is supposed to be related to these cases, though XPS, EDX and Raman data do not show clear evidence of hybridization or composite materials. To investigate the source of the observed photocatalytic activity of the lotus/TiO 2 composites, the photocatalytic properties of the reference planar Si/amorphous TiO 2 composites were studied by decomposing aqueous methyl orange using UV light. The decomposition rate of methyl orange was very low in the case of the planar Si/TiO 2 samples, which had much smaller specific surface than the lotus/TiO 2 composites. However, the results showed that decomposition of methyl orange was somewhat enchanced by the Si/TiO 2 composites, compared to the photolysis of methyl orange irradiated by UV light (for details see Supporting information).
Thus, the almost completely amorphous TiO 2 thin films, deposited by low temperature ALD, already had some photocatalytic activity, which was increased by growing these TiO 2 thin films on the nanopatterned lotus substrates.
Finally, we gained new insights into the working principles of superhydrophobic lotus leaf. In our study, we managed to gradually decrease the amount of organic nanotubes on the surface of lotus leaves by increasing the TiO 2 film thickness. In contrast, when lotus leaf was annealed in a 9 previous report, the only possibility was to completely remove the nanotubes [12] , which resulted in the loss of the superhydrophobic feature. Based on our results, we think that possibly there are more organic nanotubes on the surface of lotus leaf, than the minimum number required for superhydrophobicity. When the number of nanotubes was decreased by 30-60 % (lotus leaf/3 nm TiO 2 ), the contact angle (153°) was still similar to the case of pure lotus leaf (157°). We propose that the excessive number of organic nanotubes on lotus leaf provides a safety backup, i.e. if the nanotubes are partly damaged by e.g. excess heat from sunlight, the leaf can still maintain its self-cleaning feature.
CONCLUSIONS
The obtained results demonstrate a new way of programming the surface properties of soft biological tissues. We modified the surface of lotus leaves by depositing TiO 2 on it by ALD, and 
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Online supplementary data available from stacks.iop.org/Nano (behavior of pure lotus leaf in vacuum, thermal decomposition of pure lotus leaf, special handling of lotus leaf, photocatalytic activity of planar Si/TiO 2 samples).
